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Abstract
Understanding the diet of invasive species helps researchers to more accurately assess the health, survivorship, growth, and stability of an invasive fish species, as well as their effects on native populations. Techniques capable of identifying multiple prey species from fish stomach contents have been developed. In this study, a multi-locus metabarcoding approach was used to identify fish and invertebrate prey in stomach samples of Ictalurus furcatus (blue catfish), which were collected from two sites on the Mattawomen Creek and Nanjemoy Creek in Maryland.
The mitochondrial 12S (mt12S) and mitochondrial 16S (mt16S) gene regions were sequenced and compared. First, a mock sample for each gene region was created with the pooled polymerase chain reaction product of known fish species, and quantities of the sample were used to determine efficacy of the amplicon. Results varied between gene regions analyzed. Then, when using the mt12S primers, next-generation sequencing determined that nine fish species were found at levels greater than 1 percent of the diet of blue catfish. The most common species were Perca flavescens (yellow perch) and Cyprinus carpio (common carp). The mt16S gene region analyses found 10 fish species at greater than 1 percent of the diet, which primarily included Orconectes limosus (spinycheek crayfish), Alosa pseudoharengus (alewife), and yellow perch. Partially digested eggs were identified using next-generation sequencing of yellow perch in two of the stomach samples, and a TaqMan® quantitative polymerase chain reaction (qPCR) assay was developed to more economically identify egg species in the future.
The yellow-perch-specific TaqMan® qPCR assay was tested using primers that were developed to detect a 154-basepair amplicon in the mitochondrial control region. Consumption of yellow perch eggs indicates that blue catfish could
Introduction
Ictalurus furcatus (blue catfish) is the largest of the freshwater catfish species in the United States and is native to the Mississippi, Missouri, and Ohio River Basins (Graham 1999) . Although the blue catfish primarily inhabits freshwater, they are known to tolerate and occupy estuarine habitats (Perry, 1969) . During the last 50 years , blue catfish have been stocked across the United States (Graham, 1999) because of their value to sport and commercial fisheries (Michaeletz and Dillard, 1999) . The popularity of blue catfish in the Midwest prompted stocking and introductions of these fish outside of their native range (Schloesser et al., 2011) . Blue catfish were introduced into the James, Rappahannock, and York Rivers in Virginia during the 1970s. Subsequently, they have been observed in several rivers and tributaries in Maryland and the Chesapeake Bay from near the coast to the mouth of the Susquehanna River (Schloesser and others, 2011) . They also have been reported in the Virginia Chesapeake Bay drainages in 1974 and the Potomac River in Maryland between 1898 and 1905 (Graham, 1999 . This species has become established in some rivers in Virginia and is rapidly expanding its range. There is concern that this expansion increases the potential for the blue catfish to negatively affect native species and their complex ecological roles in the Chesapeake Bay (Schloesser and others, 2011) . Invasive species are known to negatively affect established fish populations where they have been introduced. This occurs through competition with native species for food sources, predation, and habitat alteration (Sakai and others, 2001 ). Introduced blue catfish populations are suspected of adversely affecting native fish assemblages (Tuckey and Fabrizio, 2010) . The increase of predatory invasive species, such as blue catfish, in the Chesapeake Bay and its tributaries could have an effect on the ecology of estuarine (Schloesser and others, 2011) and freshwater communities. Blue catfish are opportunistic omnivores that eat plant matter, insects, crustaceans, worms, and other fishes. Growing numbers and rapid expansion of blue catfish in the Chesapeake Bay have raised concerns about their potential negative effects on Brevoortia tyrannus (menhaden), Callinectes sapidus (blue crab), and other native species that play an important role in the ecosystem and economy (Schloesser and others, 2011; Garman and others, 2013) .
The overall effect of an invasive species on an ecosystem is complex to quantify (Pimentel and others, 2005) . Invasive species may affect not only an ecosystem's trophic structure, but also the region's socioeconomic assets (JanuchowskiHartley and others, 2017), although not all the effects are necessarily negative. For instance, an aquatic invasive species may precipitate a decline or extirpation of a native species or decline of ecosystem services but may also add value to a region's sport fishery (Pimentel and others, 2005; Schloesser and others, 2011) .
The potential effect of blue catfish on fishery resources is of significant interest to fisheries managers along the Atlantic coast. In 2012, fisheries managers from the State of Maryland, Commonwealth of Virginia, District of Columbia, Potomac River Fisheries Commission, and Atlantic States Marine Fisheries Commission adopted an invasive catfish policy (Chesapeake Bay Program, 2012) . This policy states that the potential risk posed by blue catfish on native species warrants action to examine potential measures to reduce densities and limit range expansion, as well as the need to evaluate potential negative ecological effects. Specifically, there was an interest in improving the understanding of the blue catfish biology and population dynamics. One way to determine the biological effect of an invasive species is through its diet.
Diet is an important factor underlying health, and survivorship, population growth, and stability among fishes. Diet analysis can provide crucial information for monitoring and restoration efforts for rare and endangered species, track consumption of native fishes by invasive species, and monitor changes in available prey of important sport fisheries. One of the most common methods for determining the diet of species of interest is macroscopic or microscopic examination. Although these methods provide beneficial information, there are limiting factors, such as labor, expert knowledge, time, and cost (Iwanowicz and others, 2016) . Often, we find that microscopy can underestimate prey species consumed because of differences in digestibility or decomposition rates (Barker, 1986) . Recent studies have used multiple DNA strategies that allow high taxonomic resolution with minimal starting material (King and others, 2008; McClenaghan and others, 2015; Iwanowicz and others, 2016; Aguilar and others, 2017) . DNA barcoding is a common technique that has been used to determine the diets of multiple species, such as deep-water sharks (Dunn and others, 2010) , Micropterus salmoides (largemouth bass; Jo and others, 2014) , and blue catfish (Aguilar and others, 2017) . Although cytochrome c oxidase 1 (COX1) is often used to speciate fishes, there are several markers available for DNA metabarcoding, including but not limited to mt16S, mt18S, maturase K (matK), and ribulose biphosphate carboxylase large (rbcL) (Weigt and others, 2012) . Species identifications are determined by comparison with reference sequences, which are sequences stored in databases such as GenBank (maintained by the National Center for Biotechnology Information [NCBI] ) and using a sequence alignment tool such as BLAST (Basic Local Alignment Sequence Tool) (Altschul and others, 1990) . This strategy allows for high taxonomic resolution from minimal starting material; however, it is expensive, and time consuming to clone and sequence many independent DNA fragments using traditional means (Iwanowicz and others, 2016) . The development of next-generation sequencing increases speed and accuracy of genetic dietary analysis and may be particularly useful in relatively complex mixtures such as feces (Iwanowicz and others, 2016) .
This report describes a multi-locus metabarcoding approach for the analysis of blue catfish diet using paired-end reads (reads from two ends of the same DNA molecule) of the mitochondrial 12S (mt12S) and mitochondrial 16S (mt16S) gene regions. Potential error was assessed by analyzing mock fish samples of known composition for both gene regions. In this study, a prey list was determined for 12 blue catfish caught in Mattawoman Creek and Nanjemoy Creek in Maryland during March 2017. The development of a TaqMan® quantitative polymerase chain reaction (qPCR) assay that accurately and sensitively identified Perca flavescens (yellow perch) eggs in blue catfish stomach samples is discussed.
Methods

Field Collections
Eleven blue catfish were captured from Mattawoman Creek and one blue catfish was collected from Nanjemoy Creek (both major tributaries to the Potomac River) during March 2017 (figure 1). Fish were collected using a Smith-Root SR18 Electrofishing boat outfitted with a 9.0 GPP generator. Blue catfish were collected from shallow water (< 6 feet) and galvanonarcosis was reached with the use of high frequency pulsed DC current. All fish were euthanized with blunt force trauma followed by cervical dislocation. Total body weight and length of the fish were recorded, and stomach samples were individually preserved in 97 percent ethanol for molecular identification (table 1). In addition to DNA from blue catfish stomach samples, DNA was obtained for seven additional fish species (table 2) for inclusion in mock samples (mt12S mock and mt16S mock) for use in determining (or confirming) species specificity of the MiSeq primers. 
DNA Extraction
Genomic DNA (gDNA) extraction was completed following the methods of the Soil Microbe DNA Miniprep™ Kit, Zymo Research (Irvine, California). Two samples containing eggs were first washed in phosphate-buffered saline to minimize contamination from other stomach contents and then extracted following the same methods as the other stomach samples. All DNA was eluted in 30 microliter (µL) of sterile, nuclease-free water. All samples were stored at -20 degrees Celsius (°C) until polymerase chain reaction (PCR) was performed.
Targeted Amplification of Mitochondrial Regions
The mt12S and mt16S ribosomal RNA (rRNA) gene regions were targeted owing to their common use in species identification in fishes and other vertebrates because of the highly conserved regions (Pascoal and others, 2008; Gharrett and others, 2001; Bock and others, 2016; Yang and others, 2014) . The primers used for the mt12S rRNA gene region, which are described by Melton and Holland (2007) , produced an approximately 250-base-pair (bp) amplicon. The primers used to analyze the mt16S rRNA gene region are described by Deagle and others (2007) ; these primers produce an approximately 270-bp amplicon. Amplicons for both primer sets were developed in two steps. Target DNA was first amplified using primers (either mt12S or mt16S) to generate a higher concentration of input template for the library. Then fusion primers were developed that included Illumina "overhang" sequence adapters (70 bp) attached to the original primers for a second round of PCR and library construction. The primers used for the mt12S gene region were 12SF/12SR (Melton and Holland, 2007) : 12SF (5' -ACT GGG ATT AGA TAC CCC ACT ATG -3') (A, adenine; C, cytosine; G, guanine; T, thymine) and 12SR (5' -ATC GAT TAT AGA ACA GGC TCC TC -3'). The primers used for the mt16S gene region were 16S1F/16S1R (Deagle and others, 2007) : 16S1F (5' -GAC GAK AAG ACC CTA -3') and 16S1R (5' -CGC TGT TAT CCC TAD RGT AAC T -3'). The initial thermocycling conditions for the primary PCR using standard primers consisted of an initial denaturation step of 94 °C for 10 minutes, followed by 35 cycles of 45 seconds at 94 °C, 45 seconds at 53 °C (mt12S)/54 °C (mt16S), and 1.5 minutes at 72 °C; the final extension was 72 °C for 7 minutes. An appropriately sized amplification product was confirmed for each reaction by electrophoresis of 5 µL of the reaction product through a 1.5 percent Agarose LE gel (Phenix Research, Chandler, Table 2 . Data on seven field-collected fish species archived at the laboratory and used for the mock library. DNA was extracted, and sequences were obtained. All samples were originally keyed to genus or species on the basis of morphological characteristics.
Family
Genus species GenBank accession number mt12S
GenBank accession number mt16S North Carolina) at 100 volts for 45 minutes. PCR products were cleaned with the PCR Purification Kit (Qiagen, Valencia, Calif.) and quantified using the Qubit dsDNA HS Assay Kit (ThermoFisher Scientific, Grand Island, New York). Samples were diluted in 10 millimolar Tris buffer (pH 8.5) to a final concentration of 5 nanograms per microliter. This analysis was also performed on the fish eggs found in two of the samples. Because the eggs had been ingested, along with multiple fish species, unambiguous Sanger sequencing was not possible.
Generation of Mock Library Samples
To better understand sources of error or bias in taxonomic assignment, we created two mock fish DNA assemblages by mixing purified DNA sequences from known fish species at defined concentrations (table 2). For each fish, 25 milligrams (mg) of fish tissue was extracted using the DNeasy blood and tissue kit (Qiagen, Valencia, Calif.), following the manufacturer's protocol. The mt12S and mt16S sequence was then amplified using the same targeted amplification of mitochondrial region as described in the previous section under targeted amplification of mitochondrial regions. Because an earlier MiSeq run had identified 7-8 fish species in the stomachs of blue catfish at a given time, a total of 7 PCR products were mixed to form 2 mock libraries (table 2) . In both the mt12S mock library and the mt16S mock library, all seven PCR products were mixed in equal concentrations (mass/volume).
To confirm the identities of fishes used in these mock libraries, the mt16S amplicon was Sanger-sequenced from both ends on an ABI3130xl sequencer using Big Dye Terminator Cycle Sequencing chemistry (Applied Biosystems, Foster City, Calif.). Forward and reverse sequences were overlapped and manually edited with Geneious v10.0 (Gene Codes Corporation, Ann Arbor, Michigan).
Sequencing Library Preparation and Quality Assessment
Next-generation sequencing was performed on the Illumina MiSeq platform to observe species-specific sequences and determine the diet of the blue catfish using mt12S and mt16S primers modified with the sequencing adaptors specified in the Illumina 16S Metagenomic Sequencing Library Preparation protocol (CT #: 15044223 Rev. B; https:// support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf). Amplicon libraries were prepared following the same manufacturer's protocol. These adapters allowed us to pool samples from multiple catfish, sequence them cost effectively, and later sort the data bioinformatically using the Illumina Nextera XT multiplex library indices; read (nucleotide sequence) pairs are automatically assigned to samples based on these index reads by the MiSeq software. DNA read size spectra were determined with the Agilent 2100 Bioanalyzer using the Agilent DNA 1000 Kit (Santa Clara, Calif.). Libraries were quantified with the Qubit dsDNA HS Assay Kit (ThermoFisher Scientific, Grand Island, N.Y.) and normalized to 4 nanomolar (nM) using 10 millimolar (mM) Tris (hydroxymethyl) aminomethane buffer pH 8.5. A final concentration of 10 picomolar library with a 15-percent PhiX control spike was created with the combined pool of all indexed libraries. All bioinformatic operations were completed on CLC Genomic Workbench v10 (Qiagen, Valencia, Calif.).
Read Filtering, Trimming, and RNAseq Metabarcoding Assembly
The mt12S and mt16S libraries were analyzed similarly but separately. In general, machine-processed FASTQ files were imported into CLC Genomics v10 (Qiagen Bioinformatics, Redwood City, Calif.) for initial filtering of exogenous sequence adaptors and poor-quality base calls. Adaptors were matched by scanning for regions of similarity to the full-length adaptor reference using a +2/-3 scoring scheme for a match/ mismatch and a minimum quality score of 10. Degenerate positions in the primer sequences were accommodated by providing multiple explicit variants as search motifs. A maximum error probability of 0.01 was allowed, and a minimum read length of 150 bases was required after all trimming steps. Machine-processed sequencing output was deposited under BioProject PRJNA509916, SRA accession SUB4912843 for both mt12S reads and mt16S reads. The trimmed overlapping paired-end reads were assembled using the CLC RNAseq Analyses assembly module with a minimum score of 10, a mismatch cost of 2, and an insertion cost of 3. To ensure that all mock fish were identified, length fraction and similarity fraction were altered between the mt12S and mt16S libraries. For mt12S analyses, length fraction and similarity fraction were conservatively set at 0.98. However, read efficiency was lower with the mt16S primers, and therefore less-conservative analyses were set at 0.90 for length fraction and 0.97 for similarity fraction. Reads were annotated using a reference library that contained one reference sequence for each species included.
Reference Database and Taxonomic Analysis
We developed separate mt12S and mt16S reference databases for analysis. First mt12S mock and mt16S mock were compared against either the mt12S/mt16S (respectively) sequences generated with Sanger sequencing from our input fish material or those from GenBank. If longer sequences were available in GenBank, they were used because a shorter read can introduce a bias to the read score (Iwanowicz and others, 2016) . A reference database was compiled that represented 203 fish and amphibian species commonly found in Mattawoman Creek and 12 common invertebrates that previously had been identified microscopically in the stomachs of blue catfish collected in Virginia and Maryland (Appendix 1).
All mt12S teleost sequences were downloaded on May 2, 2018, whereas all mt16S teleost sequences were downloaded on June 6, 2017, from the NCBI archive. This mt16S database was modified by removing all duplicates and sequences less than 150 bp in length, resulting in 219 sequences. Eleven species were present in the study area ( fig. 1 ) that could not be included within the mt12S database because they were not found in GenBank. Those species included Enneacanthus chaetodon (blackbanded sunfish), Enneacanthus gloriosus (bluespotted sunfish), Hybognathus hankinsoni (brassy minnow), Hiodon tergisus (mooneye), Lampetra planeri (brook lamprey), Acantharchus pomotis (mud sunfish), Lepomis microlophus (redear sunfish), Etheostoma maculatum (spotted darter), Etheostoma fusiforme (swamp darter), and Pomoxis annularis (white crappie). Counts of reads assigned to taxa were normalized as counts per million mapped reads.
Primers and Real-Time PCR (Control Gene qPCR)
During necropsy, two fish stomachs were observed to contain primarily eggs of one or more unknown fish species. Preliminary DNA sequencing data identified the eggs as yellow perch. Since yellow perch have been managed extensively in the Chesapeake Bay (Fisheries Service Yellow PerchWorkgroup, 2002), we developed a faster, more economical method for egg identification by developing yellow perch primers and a probe for a TaqMan® qPCR assay. We began by developing two sets of yellow perch specific primers and a TaqMan probe. Primer set 1 consisted of YP154Fwd (5' -ATA AGG TTG AAC ATT TCC TCT GCC T -3') and YP154Rev (5' -AAA AAC GTA ATA AAT CCC AGA GGG G -3'), whereas primer set 2 consisted of YP195F (5' -CAT TTC CTC TGC CTG CAA GAT ATA G -3') and YP195Rev (5' -CAG GAG TGT TAA CTA TCT CAG GAG T -3'). Primer set 1 was developed to detect a 154-bp amplicon in the control region of yellow perch mitochondrial DNA (mtDNA), whereas primer set 2 detected a 195-bp amplicon in the mitochondrial control region. The yellow perch specific 6-FAM/ Zen-labeled Prime Time probe (IDTdna, Coralville, Iowa) YP Zen (5' -6FAM/TGC TCT TGA/ZEN/TAT CCT AAG ATG TGG TTC/31ABkFQ/ -3') and the primers based on the mitochondrial control region of yellow perch were developed using PRIMER QUEST (IDTdna, Coralville, Iowa). The specificity of primers and probes were checked with BLASTn (Basic Local Alignment Sequence Tool for nucleotides) analysis against the NCBI database to ensure that amplification of genes from other organisms or species was unlikely.
The yellow perch qPCR assay was optimized as a TaqMan® assay. Primer and probe sets were optimized on the basis of the checkerboard system. All primer optimization assays were performed on the ABI viiA™7 qPCR system using a 20 µL reaction containing 1µL DNA template, 1X Life Technologies TaqMan® Environmental Master Mix 2.0 (Applied Biosystems®, Carlsbad, Calif.), primer set 1 or 2, and 0.25 micromolar (µM) of the probe. Amplification conditions for the optimization assay consisted of heating at 50 °C for 2 minutes, followed by 40 cycles of 95 °C for 15 seconds and an annealing/extension cycle of 60 °C for 1 minute. The probe concentrations were optimized with the previously determined optimal primer concentrations and were run with four replicates at each 50 nM interval from 50 to 250 nM. Thermocycling conditions for probe optimization were the same as the primer optimization described above. Optimal probe concentration was determined by choosing the minimum probe concentration that yielded the minimum cycle threshold. The specificity of the assay was evaluated in triplicate by assaying genomic DNA extracts of target positive controls, a wide range of sample collection negative controls (table 3) , environmental positive controls, and a non-template control. Standards were designed to determine copy number. Dilutions of genomic DNA were used to determine the number of copies of the yellow perch mitochondrial control region sequence in all DNA samples by comparison of the qPCR response of fish Table 3 . Fish species whose genomic DNA was used to verify the specificity of the real-time polymerase chain reaction for Perca flavescens (yellow perch).
Species common name Order
Yellow perch Perciformes
White sturgeon Acipenseriformes
Bloater Salmoniformes
Blacknose dace Cypriniformes
Creek chub Cypriniformes
Atlantic salmon Salmoniforrmes
Silver carp Cypriniformes
Shoal chub Cypriniformes
Channel catfish Siluriformes
Northern snakehead Perciformes DNA samples with those of a standard dilution series (10 1 to 10 8 copies/µL). Calculations of standard measures of real-time analysis quality were calculated using ABI viiA™7 version 1.2.1 (Life Technologies, Carlsbad, Calif.) and included determination of linear regression coefficient (r 2 ), slope, and reaction efficiency calculations. Samples containing one or more copies per microliter were scored as positive.
Results
Sequencing Output
We developed DNA metabarcoding methods to quantify the species composition of stomach contents of fish. We demonstrated the methods using the diet of invasive blue catfish collected from two rivers in Maryland. Total samples in the analysis consisted of 1 mock sample and the stomach samples from 12 blue catfish, which were sequenced to target the mt12S and mt16S gene regions. The total read output for these samples with the mt12S gene region was 15,473,679 million read pairs. The total read output for these samples with the mt12S mock library was 1,950,848 million read pairs. The total read output for these samples with mt16S was 1,395,480 million read pairs. The total read output for these samples with the mt16S mock library was 953,640 read pairs. Initial trimming with the mt12S target region resulted in a mean read length of 151 bases. Initial trimming with the mt16S target region resulted in a mean read length of approximately 234 bases for each primer pair.
Mock Stomach Samples
A total of 732,634 mt12S and 158,034 mt16S reads from the mock libraries were categorized by matching sequences to those included in the respective databases. All fish species in the mt12S and mt16S mock libraries were detected; however, we had to take a less conservative approach with the mt16S libraries by utilizing only 0.90 length fraction and 0.97 similarity fraction, instead of 0.98 for both as for the mt12S library (table 4) .
In the mock samples, the mt16S primers had lower efficiency in reading sequences from Semotilus atromaculatus (creek chub), Macrhybopsis hyostoma (shoal chub), and Hypophthalmichthys molitrix (silver carp). Upon closer inspection, the primer set also had difficulties in reading sequences that matched to Ictalurids (catfish) and Micropterus sp. (such as black bass). The error was identified on the last base at the 3' end of the reverse primer. Modification of the last 3' base from an "A" to a "W" would make this primer set work more efficiently for our reference database.
Blue Catfish Stomach Samples
A total of 10,347,229 mt12S (with a mean ± standard deviation [SD] per sample of 795,941 ± 255,929) and 855,444 mt16S (with a mean ± SD per sample of 77,776 ± 23,937) reads from the blue catfish stomachs were mapped to the respective database. In total, 16 species were assigned reads ( fig. 2A ) with the mt12S libraries at proportions Table 4 . Seven fish species included in mock samples along with the percent contribution they were found in the DNA assemblage. All fish were identified to species based on morphological characteristics.
[Percentages do not sum to 100 because of rounding]
Species mt12S Mock (percent) mt16S Mock (percent)
Perca flavescens 16 31
Lepomis macrochirus 13 14
Coregonus hoyi 13 28
Semotilus atromaculatus 14 4
Macrhybopsis hyostoma 8 2
Hypophthalmichthys molitrix 10 2
Channa argus 25 20
of at least 0.02 percent of the diet. When aggregated at the genus level with mt12S, 12 genera were recovered at proportions of at least 0.02 percent of diet ( fig. 2B ). Nine species were found in proportions greater than 1 percent of the diet: yellow perch, Cyprinus carpio (common carp), blue catfish, Ameiurus nebulosus (brown bullhead), Alosa sapidissima (American shad), Alosa pseudoharengus (alewife), Lepomis macrochirus (bluegill), Micropterus salmoides (largemouth bass) and menhaden. With the mt16S primers, 16 species from 13 different genera were assigned reads at proportions of at least 0.02 percent of the diet ( fig. 3 A, B) ; 10 species were found in proportions greater than 1 percent of the diet. These species included the Orconectes limosus (spineycheek crayfish), yellow perch, American shad, alewife, bluegill, Dorosoma cepedianum (American gizzard shad), menhaden, blue catfish, Micropterus dolomieu (smallmouth bass), and Cyprinus carpio (common carp).The efficiency of the mt16S primer set in directing amplification of some targets was much lower than that of the mt12S primer set. Even with the lower efficiency, combining the two primer sets indicates that Perca sp., Orconectes sp., Cyprinus sp., and Alosa sp. were the most abundant genera found in the blue catfish stomachs.
qPCR Assay Optimization
Primer and probe concentrations were optimized for this qPCR assay by determining the minimum concentrations necessary to give the maximum normalized reporter value (ΔR n ). The ΔR n reliably calculates the magnitude of the specific signal generated from a given set of PCR conditions. For primer set 1, this was a 20-µL PCR reaction that was composed of 10 µL of Power Sybr® Green PCR Master Mix (Applied Biosystems, Foster City, Calif.), 0.1-µL forward primer at a concentration of 0.03 µM, 1.8-µL reverse primer at a concentration of 0.09 µM, 0.5-µL probe at a concentration of 250 nM, and 6.6 µL of nuclease-free water. This resulted in the same 20-µL reaction described in the methods, including multiple primer concentrations (table 5) . Assay conditions remained the same. Non-template controls and collection negative controls did not generate a peak with primer set 1 (YP154F/R), indicating that no nonspecific binding of the primers occurred. However, with primer set 2 (YP195F/R), melt curve analyses had peaks indicating nonspecific binding of the primers occurred. In fact, primer set 2 (YP195F/R) directed nonspecific amplification of three fish species, including creek chub, shoal chub, and Salmo salar (Atlantic salmon).
The stomach samples did test positive for yellow perch. All positive control samples were sequenced successfully using Sanger cycle sequencing, confirming the species of issue is yellow perch.
Assay performance and precision were evaluated with the described standards of yellow perch. Linear correlation (r 2 > 0.98) and amplification efficiency (102.5 percent) values for yellow perch demonstrate that the developed assay has good performance over the tested quantification range, with highly reproducible results (fig. 4) . Primer ( 
Discussion
This study investigated the use of mt12S and mt16S gene regions to quantify the diet of blue catfish and the use of the mitochondrial control region to identify samples as yellow perch. Owing to an accelerated evolutionary rate of animal mtDNA, significant degrees of sequence variation can be observed in closely related species (Yang and others, 2014) . In animals, there are many copies of mtDNA per cell, which makes mtDNA advantageous for identification of species using degraded or low-quality DNA found in stomach samples (Yang and others, 2014) . The two ribosomal RNAs encoded in the mitochondrial genome (mt12S and mt16S) have numerous substitutions among species, which is advantageous for species identification including identification of an invertebrate species (Orconectes limosus, spinycheek crayfish). We found in this study that, in combination, sequence analysis for ribosomal RNAs yielded a comprehensive list of prey species for the 12 blue catfish captured.
Owing to differences between sites, collection dates, and molecular methods, only general comparisons can be made between this study and the study described by Aguilar and others (2017) . However, many similarities can be found between the two studies in the diet of blue catfish. Species such as Alosa aestivalis (blueback herring), alewife, American shad, menhaden, American gizzard shad, Ameiurus catus (white bullhead), brown bullhead, Ictalurus punctatus (channel catfish), Lepomis gibbosus (pumpkinseed), bluegill, and largemouth bass were found in at least one sample in this study and the study by Aguilar and others (2017) . Interestingly, only the mt16S primer set identified blueback herring, whereas only the mt12S primer set identified the bullheads, channel catfish, and largemouth bass. All other species were found using both primer sets.
Bioinformatic analysis indicated either a mismatch or errors in amplification efficiency between the mt16S primers and multiple genera within the stomach samples (Ameiurus sp., Ictalurus sp., Micropterus sp., Semotilus sp., Macrhybopsis sp., and Hypophthalmichthys sp.). However, on closer inspection using BLASTn, the mt16S primer did match well for many fish and invertebrate species (Perca sp., Channa sp., Coregonus sp., and Lepomis sp.). The results from combined mt12S and mt16S inferred diets were very similar; both primer sets identified yellow perch, common carp, blue catfish, bluegill, alewife, American shad, menhaden, American gizzard shad, and Channa argus (northern snakehead). The mt12S and mt16S primer set libraries identified alewife, yellow perch, and common carp as a main part of the diet of the 12 blue catfish collected. However, mt16S was the only primer set to identify the spinycheek crayfish.
Estimated species composition in sampled stomachs was inferred using mock genetic libraries. Mock genetic libraries were not as statistically proportional as expected. Erroneous reads are one of the challenges that constantly needs to be addressed with next-generation sequencing (Pompanon and others, 2012) . For example, errors occurring in the amplicon sequence may lead to taxon misidentification (Pompanon and others, 2012) . The amplification efficiency of a DNA barcoding primer is important; correct amplification allows most dietary samples analyzed to produce sequences (Pompanon and others, 2012) . Although both the mt12S and mt16S primers could amplify and sequence the mock samples in isolation, amplification can be highly skewed within an environmental or multi-template PCR when some species are preferentially amplified (Pompanon and others, 2012; Deagle and others, 2007) . Although changing the last base on the 3'-end of the reverse primer from "A" to the degenerate base "W" may fix many of these problems, upon further investigation it was determined that there may be multiple ways to minimize errors. For example, blue catfish stomachs are large. Extraction of multiple samples from each stomach ideally would be performed to more accurately detect all species present in the stomach because the stomach contents are not evenly distributed. In addition, PCR could be conducted in triplicate for each sample to decrease the occurrence of erroneous sequencing (Pompanon and others, 2012) . Finally, sequences within the mt12S and mt16S gene regions of some potential food species were not publicly available in GenBank and therefore could not be included in our reference library. Fish species commonly seen in the study area that are not in GenBank are currently being collected and sequenced to add to the reference library database. There are advantages to having a customized library database for blue catfish. Because the library database can be used for multiple States, the data can be analyzed according to the species that are available and ecologically meaningful, which allows for more accurate taxonomic assignment (Pompanon and others, 2012) .
Mitochondrial DNA is commonly used to identify animals. Mitochondrial DNA (mtDNA) is found in all animal tissues; has a simple structured genome; and, because of its rapid rate of evolution that differentiates among species, it is useful for solving phylogenetic questions on different taxonomical levels (Zhang and Hewitt, 1996; Pompanon and others, 2012) . Thus, mtDNA was used in our next-generation sequencing (mt12S and mt16S) and in the mitochondrial control region for the identification of yellow perch.
Regarding our TaqMan® qPCR assay, primer set 2 (YP195F/R) directed nonspecific amplification of three fish species, including creek chub, shoal chub, and Atlantic salmon. Primer set 1 targeted the control region of yellow perch and successfully amplified yellow perch in positive controls and stomach samples. No negative control or non-template control was amplified during TaqMan® qPCR. Primer set 1 (YP154F/YP154R) consistently identified only yellow perch and could be used for the stomach samples. Using primers targeted for the mitochondrial control region, other work has been successful studying population-specific genetic variation within vertebrate species such as red deer, brown bear, wolf, roe deer, wild boar and Iberian lynx (Paden and others, 2009; Palomares and others, 2002) . Similar protocols could be developed for any fish species that resource managers need to quickly identify. In the future, these primers will allow us to quickly and economically identify whether eggs found in the stomach contents of blue catfish (or other species) are yellow perch.
Because prey items as digesta are often highly degraded, barcoding primers might not be able to consistently amplify prey species (Deagle and others, 2006; Pompanon and others, 2012) . The egg masses found in the stomachs of the two fish from this study exhibited varying degrees of degradation. Using two molecular targets (mt12S and mt16S), we verified the identification of species from the egg mass. Sampling from the center of the egg mass improved DNA integrity relative to eggs on the outer edge, which were more degraded. Egg degradation can cause errors when using DNA barcoding. For example, Aguilar and others (2017) used DNA barcoding to identify eggs from blue catfish stomachs; however, only 50 percent of those egg samples could be identified to species. With this method, both the Illumina MiSeq platform and the TaqMan® qPCR assay produced robust data.
A more thorough study must be conducted to determine whether yellow perch eggs are commonly consumed by the blue catfish. Yellow perch inhabiting the Chesapeake Bay drainage area are unique in that they are migratory brackishwater fish that spawn in freshwater rivers (Mansueti, 1964) .
Spawning yellow perch have historically been found in all the major river systems of Maryland (Muncy, 1962) . Yellow perch are important as a game fish and as prey fish for other game fish, such as Sander vitreus (walleye), smallmouth bass, and largemouth bass (Fetzer and others, 2016; Staples and others, 2017) . As an integral part of the ecosystem that they inhabit, yellow perch have long been studied in top-down predator control (Thorpe, 1977; Hartman and Margraf, 1993) and bottom-up food web influences (Hayes and others, 1992; Horppila and others, 2010; Aguilar and others, 2017) . A survey of anadromous fish spawning conducted by the Maryland Department of Natural Resources (MD DNR) between July 1970 and January 1975 found yellow perch in 50 percent of the sampled watercourses (O'Dell and others, 1975) . Yellow perch was the second most abundant species documented, following white perch. However, by 1988 the MD DNR had to restart the hatchery program of 1890-1955 to supplement natural populations in various tributaries (Fisheries Service Yellow Perch Workgroup, 2002) . By 2008, the yellow perch spawning survey did not include historical sites as a result of changes in habitat that precluded future spawning. Also, rain events (such as flooding) decimated the egg masses on the western shore of the Chesapeake Bay. The addition of large invasive fish predators can negatively affect a population of fish, such as the yellow perch, that is already subject to considerable environmental pressure from habitat degradation and changing weather patterns. Therefore, the ability to detect key prey species consumed by invasive species may prove useful in assessing the effects of these non-native predators.
Identifying potential prey species of blue catfish using both the mt12S and mt16S gene region was effective. This preliminary data indicate that nine species of fish were found using the mt12S primer set to compose more than 1 percent of the diet (yellow perch, common carp, blue catfish, brown bullhead, American shad, alewife, and bluegill). The mt16S primer set identified similar species, including spinycheek crayfish, yellow perch, American shad, alewife, bluegill, American gizzard shad, menhaden, blue catfish, smallmouth bass, and common carp, in amounts greater than or equal to 1 percent of the diet. Although the two lists are similar, the small sample size does not accurately characterize the breadth of diet of the blue catfish in the Chesapeake Bay. This study focused on methods that can be used to determine the diet of blue catfish. Further research that includes a larger sample size, increased numbers of extractions per individual, and collection of blue catfish from multiple sites and during multiple seasons would improve the knowledge of prey consumed by this predator. This method could be useful in determining prey consumed by fish species other than blue catfish.
